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eTOC: Unlike man-made wheels that are centered and rotated via an axle, the mitotic 
spindle of a human cell is rotated by external cortical pulling mechanisms. The 
Draviam group identifies MARK2's role in equatorial spindle centering and astral 





The plane of cell division is defined by the final position of the mitotic spindle. The 
spindle is pulled and rotated to the correct position by cortical Dynein. However, it is 
unclear how the spindle's rotational center is maintained and what the consequences 
of an equatorially off-centered spindle are in human cells. We analysed spindle 
movements in 100s of cells exposed to protein depletions or drug treatments, and 
uncover a novel role for MARK2 in maintaining the spindle at the cell's geometric 
center. Following MARK2 depletion, spindles glide along the cell-cortex leading to a 
failure in identifying the correct division-plane. Surprisingly, spindle off-centering in 
MARK2-depleted cells is not due to excessive-pull by Dynein.  We show that 
MARK2 modulates mitotic microtubule growth and length and co-depleting MCAK, 
a microtubule destabilizer, rescues spindle off-centering in MARK2-depleted cells. 
Thus, we provide the first insight into a spindle centering mechanism needed for 
proper spindle rotation and in turn, the correct division-plane in human cells.  
 3 
INTRODUCTION 
Loss of tissue organisation is a hallmark of aggressive carcinomas.  In 
epithelial tissues, during cell division, the position of the mitotic spindle defines the 
plane of division and in turn, the position of daughter cells within the growing and 
stratifying epithelial tissue (reviewed in (Chin et al., 2014), Macara et al., 2014, 
Kulukian and Fuchs., 2013).  The spindle is brought to the correct position by cortical 
Dynein-mediated forces that pull and rotate the spindle – how these pulling forces are 
counteracted to maintain the spindle’s center of rotation is an intriguing physical and 
biological problem. Spindle centering forces were recently measured in worm 
embryos (Garzon-Coral et al., 2016) that are 10 times larger than human cells. Master 
regulators that sense and control spindle centering are not known in human cells, 
although changes in microtubule dynamics can alter spindle centering (Draviam et al., 
2006), suggesting the existence of a centering mechanism in human cells as well.  
Unlike spindle centering mechanisms (in the XY plane), spindle orientation 
mechanisms (in the Z plane) have been explored in detail in human cells. Proper 3-
dimensional orientation of the spindle requires the interactions of astral microtubules 
with cytoplasmic and cortical force generators (O'Connell and Wang, 2000; Wühr et 
al., 2010; Kimura and Kimura, 2011; Kiyomitsu and Cheeseman, 2012; Collins et al., 
2012; Markus and Lee., 2011).  In cell cultures, Dynein is required to rotate and orient 
the spindle along a predetermined axis: the interphase long-axis of the cell (O'Connell 
and Wang, 2000; Corrigan et al., 2013). Importantly, two pathways that influence 
cortical Dynein – the LGN-NuMA-Gi pathway (Kotak et al., 2012) and CHICA 
dependent Dynein signaling pathway (Dunsch et al., 2012) – orient the spindle 
parallel to the substratum, and excessive Dynein activity can cause spindle tumbling 
with respect to the substratum (Samora et al., 2011; Kotak et al., 2012). Thus, cortical 
Dynein-mediated pull is currently considered to be the primary force-generating 
pathway for powering spindle movements in human cells.  In contrast, in the yeast 
S.cerevisiae, Dynein is dispensable for early spindle rotation or alignment and is 
essential only for the later translocation of the spindle into the bud-neck (Sheeman et 
al., 2003; Huisman and Segal, 2005; Hoopen et al., 2012). Whether similar 
mechanisms independent of cortical Dynein operate in human cells to dynamically 




 (hereafter referred as MARK2) of the MARK family of 
kinases is evolutionarily conserved from yeasts to humans. MARK2 null mice are 
dwarf, with most tissues proportionately smaller, hypofertile, lean and resistant to 
high-fat diet induced weight gain (Bessone et al., 1999; McDonald., 2007). In 
nematodes, mutations in par-1 disrupt spindle positioning leading to disorganized 
embryos that lack germ cells (Guo and Kemphues, 1995). In flies, mutations in par-1 
disrupt the oocyte microtubule network leading to defects in posterior patterning of 
the embryo (Shulman et al., 2000).  In mouse hepatocytes, MARK2 is required for the 
asymmetric inheritance of apical domains through cell division (Slim et al., 2013). 
However, the precise role of MARK2 during the process of spindle orientation in 
human cells is not clear.  
 MARK2’s role in the regulation of interphase microtubule dynamics have 
been characterized in several cell lines (Cohen et al., 2004; Nishimura et al., 2012; 
Mandelkow, 2004; Hayashi et al., 2011; Schaar et al., 2004; Sato et al., 2013; Sato et 
al., 2014). Whether MARK2 controls mitotic microtubule dynamics is not known. 
 To study spindle rotation and centering mechanisms, we used time-lapse 
microscopy to track changes in spindle positions in 100s of dividing human epithelial 
cells. We employed our quantitative single-cell methodology to link a variety of 
interphase cell shapes to dynamically changing spindle positions in cultures that retain 
cell-cell contacts (Corrigan et al., 2013), so that we can systematically compare the 
roles of proteins in centering, rotating and oscillating movements of the mitotic 
spindle.  We report that the spindles of MARK2-depleted cells are equatorially off-
centered and the spindles undergo gliding instead of rotational movements.  In the 
absence of MARK2, even spindles born close to the geometric center of the cell 
undergo dramatic off-centering and remain equatorially off-centered until anaphase.  
Importantly, equatorially off-centered spindles of MARK2-depleted cells fail to rotate 
properly towards the correct final position, pre-determined by interphase cell shape. 
This shows the importance of equatorial centering mechanisms in controlling spindle 
rotation and also, determining the correct division-plane.  To identify the underlying 
molecular cause for off-centered spindles in MARK2-depleted cells, we studied the 
behaviour of cortical Dynein and astral microtubules. MARK2-depleted cells display 
longer astral microtubules, increased mitotic microtubule growth rates, and diffuse 
cortical Dynein along the cell cortex.  Equatorial off-centering in MARK2-depleted 
cells could not be simply explained by excessive pulling by cortical Dynein because 
 5 
the co-depletion of LGN leads to loss of cortical Dynein and spindle rotation, as 
expected, but spindles remain equatorially off-centered.  In contrast, disrupting 
microtubule dynamics through MCAK depletion rescues the spindle off-centering 
phenotype in MARK2-depleted cells.  We propose a model where cortical Dynein 
mediated pulling forces are actively counteracted by MARK2-mediated spindle 
centering mechanism to ensure the successful rotation of the spindle towards its pre-
determined final position. Thus, this study uncovers the role and regulation of 





Equatorial centering of the spindle is an early mitotic event 
Using our single-cell method developed to track the spindle’s biased rotation to its 
final position using interphase cell shape (Corrigan et al., 2013; 2015), we studied 
mitotic spindle movements from Nuclear Envelope Breakdown (NEBD) to anaphase 
onset in epithelial cell cultures that retained cell-cell and cell-substrate contacts.  To 
study the range of spindle centering and off-centering events, we tracked spindle 
movements, once every four minutes, in a spindle reporter cell line HeLa
His2B-GFP; 
mCherry-Tubulin
 that constitutively expresses low levels of mCherry-Tubulin and 
Histone2B-GFP(Corrigan et al., 2013). We assessed the extent of spindle centering 
along two axes: (i) the equatorial axis, by measuring the nearest distance between 
spindle equator and the cortex (for equatorial centering) and (ii) the pole-to-pole axis, 
by measuring the nearest distance between the spindle pole and cortex (for 
longitudinal centering) (Fig 1a). Analysis of mCherry-Tubulin signals in time-lapse 
movies showed that at the time of mitosis onset (marked by NEBD), spindles born in 
the geometric center are retained in the center, while spindles born away from the 
geometric center are actively brought to the centre within the first 12 minutes of 
NEBD (Fig 1a and 1b). We observed that equatorial spindle centering did not require 
a mature spindle structure, as equatorial centering was observed even in immature and 
bent spindles (compare Fig 1b and 1c). In contrast, and as reported earlier (Kiyomitsu 
and Cheeseman, 2012; Corrigan et al., 2013; Kotak et al., 2012), centering along the 
spindle’s longitudinal pole-to-pole axis was dislodged by spindle oscillations (Fig 1a). 
Consequently, longitudinal off-centering of spindles arise as part of the normal 
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spindle oscillatory movement in late metaphase (Fig 1a). We conclude that the 
equatorial centering of the spindle apparatus is accomplished very early on during 
mitosis.  
 
Equatorial centering of spindles fail in the absence of MARK2 
To identify the molecular players required for the equatorial centering of the mitotic 
spindle, we used time-lapse microscopy and followed spindle movements in 
HeLa
His2B-GFP; mCherry-Tubulin
 cells depleted of LGN, MARK2
Par1b
 or PAR3, using 
multiple siRNA oligos. To confirm the extent of protein depletion in the cells studied 
using time-lapse microscopy, we collected cell lysates after each time-lapse imaging 
session (Fig 1d). Fluorescent immunoblots of lysates showed that greater than 90% of 
protein depletion was achieved following respective siRNA treatments (Fig 1f, g and 
1h).  
 Analysis of time-lapse movies of HeLa
His2B-GFP; mCherry-Tubulin
 cells showed 
normal equatorial centering of the spindle in cells depleted of LGN or PAR3 (Fig 1e, 
1i and 1j). In contrast, equatorial centering of spindles was severely disrupted in 
MARK2-depleted cells, compared to Control or LGN or PAR3 depleted cells (Fig 1e, 
1i-1k), revealing MARK2 as the first kinase with a role in the equatorial centering of 




 but not MARK3
 Par1c
 is required for equatorial spindle centering 
To confirm that MARK2 siRNA induced spindle centering defects are specific 
to MARK2 depletion and not an off-target effect we used two strategies: first, we 
confirmed that two different siRNA oligos against MARK2 caused the spindle off-
centering defect.  Time-lapse movies of HeLa
His2B-GFP; mCherry-Tubulin
 cells showed 
equatorially off-centered mitotic spindles following the treatment with either 
MARK2-1 or MARK2-2 siRNA, but not control siRNA (Fig 2a and Supplementary 
Figure 1a). Quantitative analysis showed that 12 minutes after NEBD, equatorially 
centered spindles were found only in 28% and 38% of MARK2-1 and MARK2-2 
siRNA treated cells, respectively, compared to 90% of control siRNA treated cells 
(Fig 2b). The severity of the spindle off-centering phenotype (Supplementary Figure 
1a and Fig 2a) correlated well with the extent of MARK2 depletion (Fig 1h). Thus, 
two different siRNA-mediated depletions of MARK2 perturb the equatorial centering 
of mitotic spindles. 
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As a second strategy, to fully confirm that the equatorial centering defect 
observed in MARK2-siRNA treated cells is specifically due to MARK2 depletion and 
not an artifact due to off-target depletion, we generated siRNA resistant form of 
human MARK2 fused to YFP (hMARK2
 siRes
 -YFP) and expressed it in low levels 
using a Tet-inducible system (Fig 2c). Following MARK2 siRNA treatment, 
hMARK2
siRes
-YFP expressing cells (green cells) showed normally centered 
metaphase chromosomes, whereas, non-green cells showed equatorially off-centered 
chromosome positions (Fig 2d and Supplementary Figure 1b). Thus, MARK2 
depletion induced spindle centering can be rescued by Tet-inducible expression of 
human MARK2
 siRes
-YFP. We conclude that MARK2 is required for the equatorial 
centering of mitotic spindle.  
Furthermore, in cells treated with two different siRNA against MARK3
Par1c
, a 
close family member of MARK2, we observed normal equatorial centering of 
spindles, similar to control siRNA treated cells (Supplementary Figure 1c and 1d). 
We conclude that MARK2, but not its close relative MARK3, is required for 
equatorial centering of the spindle.  
 
Equatorial spindle centering is regulated differently in early and late mitosis 
Biased rotation of the spindle occurs in early mitosis (Corrigan et al., 2013). 
We were intrigued to find that equatorially off-centered spindles of MARK2-depleted 
cells were observed primarily in early mitosis and these off-centered spindles were 
frequently restored back to the center in anaphase (Supplementary Figure 1a). To 
confirm this, we quantitatively compared early and late mitotic spindle positions in 
MARK2-depleted cells and found that spindles were equatorially centered normally 
in anaphase but not early mitosis (Fig 2e). We conclude that at least two equatorial 
spindle-centering mechanisms operate in human cells, which are mitotic phase 
dependent. MARK2 is required for spindle centering in early mitosis when the spindle 
undergoes rotation. 
 
Equatorial centering is required for proper spindle rotation, oscillation and 
biased division-plane 
The plane of epithelial cell division is pre-determined by interphase cell shape and 
cell-cell or cell-substrate contact sites (reviewed in (Chin et al., 2014)). We reported 
previously that the mitotic spindle first rotates with a directional bias towards the 
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interphase cell’s long axis (during prometaphase when chromosomes congress) and 
then remains oriented along the long axis where it undergoes spindle oscillations 
(until anaphase when chromosomes segregate)(Corrigan et al., 2013;
,
Corrigan et al., 
2015). Whether any of these key mitotic events are perturbed in cells that fail to 
equatorially center their spindles is not known. Hence, we studied if MARK2-
depleted cells displayed normal chromosome congression, chromosome segregation, 
spindle rotation, spindle oscillation and spindle orientation along the long-axis of the 
cell.  Time-lapse movies of HeLa
His2B-GFP; mCherry-Tubulin
 cells treated with MARK2 
siRNA showed no significant difference in chromosome congression and segregation 
times, compared to control cells (Supplementary Figure 2a-d). However, the analysis 
of spindle movements indicated a striking reduction in spindle rotation or oscillatory 
pole-to-pole movements in MARK2-depleted cells compared to controls (Fig 2a, 3a 
and 3b; Supplementary Movies 1-3).  Importantly, despite the absence of pole-to-pole 
oscillations, spindles in MARK2-depleted cells were dynamic and displayed gliding 
movements along the cell cortex (Fig 2a, 3a and 3b).  Unlike the equatorially centered 
spindles in control cells that displayed biased rotation towards the interphase long-
axis (4min to 12min; Fig 3a), the off-centered spindles in MARK2-depleted cells 
showed a prolonged duration of gliding motion along the cell cortex; thus, the 
absence of spindle centering disrupted normal spindle rotation.  The gliding motion 
and lack of rotation was most obvious in MARK2-depleted cells when congression 
was occasionally delayed (Supplementary Movie 3). In summary, MARK2 depletion 
disrupts equatorial spindle centering, spindle rotation and oscillations (Fig 3b) – 
events that precede anaphase. 
Because spindle centering, rotation and oscillations were all disrupted in 
MARK2-depleted cells, we tested whether spindles could define the plane of cell 
division normally. To determine the efficiency with which cells could properly rotate 
their spindles and arrive at the final predefined position along the interphase long-
axis, we performed semi-automated analysis of our movies using our Spindle3D 
software (Corrigan et al., 2013).  Analysis of final spindle orientation angles at the 
metaphase-anaphase transition showed a statistically significant reduction in the 
percentage of cells that correctly aligned the spindle along the interphase long-axis 
following MARK2 depletion, compared to control depletion (Fig 3c and 3d). Thus, 
MARK2 depletion induced spindle off-centering is coincident with severe defects in 
both spindle rotation and identifying the correct plane of cell division (Fig 3d). 
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MARK2 depletion delays but does not abrogate mitotic cell rounding  
 Compared to Control depleted cells, MARK2-depleted cells showed a delay in 
mitotic cell rounding (Supplementary Figure 2e). However, mitotic cell rounding was 
not completely abrogated, as the vast majority of MARK2-depleted cells had 
completed mitotic-rounding in late prometaphase (at least 8 minutes prior to anaphase 
onset; Supplementary Figure 2e).  In contrast, equatorial spindle centering remained 
severely compromised in late prometaphase MARK2-depleted cells (Supplementary 
Figure 2f); at this stage spindles were bipolar and normally oriented parallel to the 
substratum as assessed by spindle-pole positions (Supplementary Figure 2g). Based 
on these analyses, we conclude that equatorial spindle off-centering in MARK2-
depleted cells is not directly caused by the delay in mitotic cell rounding. 
 
MARK2 localises to centrosomes and cell cortex and its depletion alters mitotic 
microtubule growth and function 
 To understand the underlying reason for spindle off-centering in MARK2-
depleted cells, we next studied the localization of MARK2 in HeLa cells using YFP-
tagged MARK2. YFP-MARK2 localised to both interphase and mitotic centrosomes 
independent of microtubules (Supplementary Figure 3). In mitotic cells, MARK2 
distinctly localised to the cell cortex and faintly associated with the mitotic spindle in 
a microtubule-dependent manner (Supplementary Figure 3b and 3d).  
 We next investigated if depletion of MARK2 altered the distribution of astral 
microtubules in mitosis. Following a brief exposure to ice-cold methanol for 60 
seconds, we immunostained siRNA treated cells using tubulin antibodies to assess the 
status of cold stable astral microtubules (Supplementary Figure 4a). Compared to 
Control siRNA treated cells, MARK2 siRNA depleted cells showed a noticeable 
increase in astral microtubule length and density near poles (Fig 4a and 
Supplementary Fig 4b). Mean lengths of cold-stable astral microtubules were 1.69 
(SD = 0.61) m (n = 6 cells) following control siRNA treatment and 3.27 (SD = 1.25) 
m (n = 10 cells) following MARK2 siRNA treatment. Mean densities of cold-stable 
astral microtubules near spindle pole area were ~2 s/23
2
 (n = 10cells) following 
Control siRNA treatment and ~6 s/23
2
 (n = 10cells) following MARK2 siRNA 
treatment. These findings in mitotic cells are consistent with the reported interphase 
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role of MARK2 as an enhancer of microtubule destabilisation, by controlling 
microtubule lifetime and growth rate (Nishimura et al., 2012).  
 Whether MARK2 regulates mitotic microtubule dynamics is not known.  To 
address this, we depleted MARK2 in cells expressing EB3-TdTomato (HeLa EB3-
TdTomato), a routine marker for growing mitotic microtubule-ends (Tamura et al., 
2015; Nakai et al., 2015; 
,
Shrestha et al., 2014; 
,
Iorio et al., 2015), and measured 
instantaneous velocity of growing microtubules in the metaphase spindle. We found a 
small but significant increase in mitotic microtubule growth rates in MARK2-
depleted cells compared to control depleted cells (Fig 4b). Due to the modest changes 
in microtubule growth rates following MARK2 depletion, we used a sensitive mitotic 
microtubule function assay to confirm the role of MARK2 in regulating mitotic 
microtubules. We treated cells with Nocodazole to fully disassemble mitotic spindle 
microtubules and then washed off the drug to study the rate of spindle reassembly, 
which is dependent on microtubule function. As a positive control, Nocodazole 
washed off cells were exposed to 2ME2 (2-methyl Estradiol), a microtubule pausing 
drug (Corrigan et al., 2013) that is expected to delay bipolar spindle reassembly.  To 
study bipolar spindle reassembly efficiency in the presence and absence of MARK2, 
we fixed and immunostained cells at various time-points after Nocodazole wash-off.  
As expected, 10 minutes following Nocodazole wash-off, control cells form 
multipolar spindles that rapidly coalesce into a single bipolar spindle (Tulu et al., 
2006).  In contrast, MARK2 siRNA or 2ME2 treated cells were delayed in coalescing 
multipolar spindles into bipolar ones, compared to control siRNA treated cells (Fig 
4c), providing further evidence for the role of MARK2 in regulating mitotic 
microtubule function.  We conclude that MARK2 kinase controls microtubule plus-
end growth rates, astral microtubule length and microtubule function during mitosis.  
 
Cortical Dynein is diffuse but spindle movement rates are unperturbed in 
MARK2-depleted cells  
Cortical Dynein is required for a stable 3-dimensional positioning of the spindle 
parallel to the substratum and also for spindle oscillations along the longitudinal pole-
to-pole axis (Kotak et al., 2012; Kiyomitsu and Cheeseman, 2012; Corrigan et al., 
2013).  So, we tested whether cortical Dynein localization is perturbed following 
MARK2 depletion using a HeLa
DHC1-GFP 
cell line expressing GFP-fused to mouse 
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Dynein Heavy Chain 1 (DHC1) under the control of its endogenous promoter(Poser et 
al., 2008).  
 Using DHC1-GFP localization at spindle poles, we once again confirmed 
equatorially off-centered spindles in HeLa
DHC1-GFP 
cells treated with MARK2 siRNA 
(Fig 5a). As expected(Kiyomitsu and Cheeseman, 2012)
,
(Tame et al., 2014), in 
Control siRNA treated cells DHC1-GFP signal at the cortex was asymmetrically 
enriched in a small region (marked by blue arrowhead in Fig 5a; referred as ‘crescent’ 
in Fig 5b) and was mostly excluded in regions proximal to the spindle pole (Fig 5a).  
However, in MARK2 siRNA treated cells DHC1-GFP signal at the cortex was 
distributed along a wider region compared to controls and lacked the crescent-like 
enrichment (marked by green arrowhead in Fig 5a; referred as ‘diffuse’ in Fig 5b), 
although DHC1-GFP was normally excluded at the cell cortex proximal to the spindle 
pole (Fig 5a). This normal exclusion of DHC1-GFP signal from cortical areas close to 
the spindle pole and chromosomes suggest that Plk1 and Ran dependent mechanisms 
that exclude DHC-GFP from the cortex(Kiyomitsu and Cheeseman, 2012) are 
unlikely to be perturbed following MARK2 depletion (Fig 5a). Because chromosome 
and spindle pole positions can influence the position of cortical Dynein localization 
(Kiyomitsu and Cheeseman, 2012), the diffuse cortical Dynein localization could be a 
consequence of off-centered spindles in MARK2-depleted cells.  
To test whether the diffuse cortical localization of Dynein can impair the 
extent of spindle movement, we measured spindle displacement towards the cortex in 
Control and MARK2-depleted HeLa
DHC1-GFP 
cells using DHC-GFP as a spindle pole 
marker. Comparing the distribution of spindle pole displacement between Control and 
MARK2-depleted cells showed no significant difference (Fig 5c). Thus, despite the 
equatorial off-centering of spindles and diffuse localization of cortical Dynein, 
spindle displacement extent per se is not noticeably impaired in MARK2-depleted 
cells, suggestive of comparable pulling towards the cortex in the presence and 
absence of MARK2. 
 
Spindle off-centering in MARK2-depleted cells is not due to excessive pulling by 
cortical Dynein 
Longer astral microtubules in MARK2-depleted cells compared to Control cells (Fig 
4a) raised the possibility that spindle off-centering may arise from prolonged pulling 
of microtubules by cortical Dynein, which may have been missed in our spindle 
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displacement studies. Therefore, we co-depleted LGN (cortical Dynein platform) and 
MARK2 and used time-lapse microscopy to assess equatorial centering of spindles in 
the absence of cortical Dynein. We first confirmed that cortical Dynein is absent in 
LGN and MARK2 co-depleted HeLa
DHC1-GFP 
cells (Fig 6d).  
As expected from a loss of cortical Dynein phenotype, the spindles of LGN 
and MARK2 co-depleted cells did not display much movement throughout mitosis 
(Fig 6a). Importantly, comparing the extent of spindle centering in LGN versus LGN 
and MARK2 co-depleted HeLa cells
His2B-GFP; mCherry-Tubulin
 showed increased spindle 
off-centering in co-depleted cells (Fig 6a-6c), confirming MARK2’s role in spindle 
centering. Because LGN depletion did not fully rescue the equatorial centering defect 
seen following MARK2 depletion (Fig 6a-6c), we conclude that spindle off-centering 
in MARK2-depleted cells is not simply due to excessive pull by cortical Dynein.  
Importantly, those spindles born at the geometric center remained centered in 
MARK2 and LGN co-depleted cells, unlike MARK2 alone depleted cells where 
spindles born at the geometric center become actively off-centered (Compare Fig 6a 
and 2a). These data suggest that MARK2 activity plays an important unrecognised 
role in resisting an outwardly pull of the spindle by cortical-Dynein in specifically in 
early mitosis.  
In summary, the persistence of off-centered spindles in cells co-depleted of 
LGN and MARK2 demonstrate a role for MARK2 in equatorial centering of spindles 
independent of the LGN pathway. We conclude that equatorial off-centering of 
spindles in MARK2-depleted cells is not due to excessive pull by cortical Dynein. 
 
MARK2 loss induced spindle off-centering can be rescued by MCAK depletion 
MARK2 depletion induced an increase in microtubule plus-end growth rate. So, we 
tested if reducing plus-end dynamics could rescue MARK2 depletion induced spindle 
off-centering.  For this purpose, we chose to deplete MCAK, a microtubule 
destabilizer, that tracks with microtubule tips during mitosis (Domnitz et al., 2012).  
MCAK depletion causes an increase in astral microtubule stability (Rizk et al., 2009) 
and reduction in microtubule growth velocities (Braun et al., 2014).  We had 
previously shown that MCAK is not required for spindle orientation success or 
rotational bias of spindles (Corrigan et al., 2013), but whether it is important for 
equatorial centering of the spindle was not known. We first analysed spindle centering 
success following MCAK depletion in HeLa
His2B-GFP; mCherry-Tubulin
 cells. We observed 
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no significant difference in equatorial spindle centering extent between MCAK versus 
Control depleted cells (Compare Fig 7b and ‘control’ in Fig 2a), although as reported 
(Kline-Smith et al., 2004) chromosome congression time was prolonged and lagging 
chromosomes were seen in MCAK depleted cells (Average NEBD to anaphase onset 
time: Control siRNA: 30 min (n=66 cells); MCAK siRNA: 41 min (n=117 cells)). We 
conclude MCAK is dispensable for the equatorial centering of mitotic spindles.  
To test if MCAK depletion could rescue MARK2 depletion induced off-
centering of spindles, we analysed spindle positions in time-lapse movies of cells co-
depleted of MCAK and MARK2. The percentage of cells with equatorially centered 
spindles at 8 min and 12 min following NEBD was significantly increased following 
the co-depletion of MCAK and MARK2, compared to MARK2 depletion alone, 
indicating a rescue of the spindle off-centering phenotype induced by MARK2 
depletion (Fig 7a-d).  
Although the spindle off-centering phenotype was rescued, mitotic cell 
rounding delay remained until late prometaphase in cells co-depleted of MARK2 and 
MCAK (Supplementary Fig 4f). These findings show that the depletion of MCAK 
specifically rescues the spindle centering defect but not the mitotic cell rounding 
delay in MARK2-depleted cells.  
We investigated if MCAK depletion rescued spindle off-centering in MARK2-
depleted cells simply by further increasing the length of astral microtubules. For this 
purpose, we briefly exposed cells to cold and immunostained siRNA treated cells 
using tubulin antibodies to assess the status of cold stable astral microtubules 
(Supplementary Fig 4a). Analysing the length of astral microtubules relative to pole-
cortex distance in centered and off-centered spindles showed a comparable increase in 
astral microtubule occupancy in cells depleted of MARK2, MCAK or both, compared 
to controls (Supplementary Fig 4b-d). These findings show that the rescue of spindle 
centering is not simply due to a dramatic increase in the lengths or densities of astral 
microtubules in MCAK and MARK2 co-depleted cells. Moreover, using 
immunostaining, we did not observe any obvious change in colocalization between 
MCAK and EB3 (a microtubule plus-end marker) following MARK2 depletion 
(Supplementary Fig 4e), ruling out a direct role for MARK2 in altering MCAK 
localization or function. 
Detailed analysis of spindle positions once every four minutes following 
NEBD (Fig 7d) showed that the rescue of spindle centering is dynamic: in conditions 
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where MCAK alone or both MCAK and MARK2 were depleted, off-centered 
spindles were rapidly restored back to the center unlike in MARK2-depleted cells. 
These data show that MARK2 depletion induced equatorial off-centering of spindles 
is being dynamically rescued by co-depleting the microtubule depolymeriser, MCAK. 
Importantly, MCAK co-depletion rescued the diffuse cortical Dynein localization 
observed in MARK2 depleted cells (Fig 7e and 7f), showing that cortical Dynein 
crescents are reliant on equatorial spindle centering status. We conclude MARK2 
depletion induced equatorial spindle off-centering is dynamically rescued by MCAK 
depletion, highlighting the importance of MARK2-mediated modulation of 
microtubule dynamics in the equatorial centering of spindles. 
 
DISCUSSION 
 By tracking the temporal evolution of spindle positions, we demonstrate that 
proper rotation of the mitotic spindle requires two closely related mechanisms: 
MARK2-mediated spindle centering and cortical Dynein-mediated spindle pulling. 
While Dynein-mediated pull powers the movement of spindles, we show that 
MARK2 is needed to restore an off-centered spindle back to the center of the cell: a 
loss of either of these pathways will disrupt spindle rotation leading to an incorrect 
division-plane. By showing that MARK2’s centering role is dependent on 
microtubule dynamics, our findings reveal a previously unrecognized spindle 
centering mechanism that is crucial for successful spindle rotation. We present a 
dynamic model wherein the rotation of mitotic spindle to a pre-determined position is 
dependent on both cortical Dynein mediated spindle movement and MARK2 
mediated spindle centering mechanisms.  
 In vitro studies of microtubule asters, devoid of rotation, show that although 
Dynein can support centration it is not needed for centering the asters(Laan et al., 
2012).  In worm embryos, cortical force generation in fact antagonizes metaphase 
spindle centration (Garzon-Coral et al., 2016). In agreement, our in vivo studies of 
LGN-depleted cells show that cortical Dynein is dispensable for spindle centering, in 
metaphase, along both the equatorial and longitudinal axes. Therefore, cortical 
Dynein is not required for equatorial spindle centering in human cells, but is instead 
required for dislodging the spindle from its position, as part of the spindle rotation 
process (Fig 7g). Thus, by using MARK2 depletion as a molecular probe we have 
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uncovered an essential role for equatorial spindle centering in forming cortical Dynein 
crescents and in turn, mediating proper spindle rotation. 
 We find that cold-stable astral microtubule length and density are increased in 
MARK2-depleted cells, similarly to cells depleted of MCAK, a potent MT 
destabilizer (reviewed in (Tamura and Draviam, 2012)) revealing MARK2’s 
significant role in regulating astral microtubules. During interphase, MARK2 
regulates the levels of MAP2 and Tau proteins on the microtubule (Drewes et al., 
1995; Illenberger et al., 1996; Drewes et al., 1997), whereas the c-terminus of MCAK 
by itself regulates its binding to the ends of microtubules (Talapatra et al., 2015). 
Consistent with this difference in regulation, we find that MARK2 depletion increases 
microtubule growth speed, whereas MCAK depletion reduces microtubule growth 
velocities(Braun et al., 2014).  These two microtubule regulatory pathways are likely 
to crosstalk as the co-depletion of MCAK dynamically rescues both the off-centered 
spindles and loss of cortical Dynein crescents in MARK2-depleted cells. 
We hypothesize that microtubule-ends are sufficient, given certain physical 
constraints, to drive cell shape associated spindle centering in human cells. A similar 
conclusion has been drawn for nuclear centering (Zhao et al., 2012) and centrosome 
centering in interphase cells (Zhu et al., 2010) and spindle centering in worm embryos 
(Garzon-Coral et al., 2016).  In this context our discovery of MARK2’s role in 
controlling mitotic microtubule dynamics is important. The MARK family of kinases 
were originally identified in a screen for kinases that phosphorylate microtubule-
associated proteins (Tau, MAP2 and MAP4) and trigger microtubule disruption in 
interphase (Drewes et al., 1995; Illenberger et al., 1996; Drewes et al., 1997).  
Subsequently, MARK mediated regulation of microtubule dynamics during interphase 
were characterized in several cell lines (Cohen et al., 2004; Nishimura et al., 2012; 
Mandelkow et al., 2004; Hayashi et al., 2011; Schaar et al., 2004).  Our findings 
extend this interphase role of MARK2 to mitosis for the first time. Previously it was 
not known if the MARK family played any role in dividing human epithelial cells, 
whether through its regulation of microtubule dynamics or otherwise. 
 Finally, we provide the first evidence for a cell cycle dependent role for 
MARK2 in spindle centering, during early mitosis when spindle rotation occurs. 
Several microtubule associated proteins, EB1 and APC, actin meshwork regulators, 
Myosin-X, Abl1, PI(3)K, PAK2 and LIMK1,  -integrin and Cdc42 (Kotak et al., 
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2012; Kiyomitsu and Cheeseman, 2012; Matsumura et al., 2012; Mitsushima et al., 
2009; Toyoshima et al., 2007; Samora et al., 2011; Draviam et al., 2006; Dunsch et 
al., 2012; Toyoshima and Nishida, 2007; Kaji et al., 2008) are known to be important 
for spindle orientation, but it is not clear if these are mitotic phase specific roles. Even 
for previously reported spindle centering regulators - Moesin, LIMK1 and the 
microtubule-end binding proteins EB1 and APC (Draviam et al., 2006; Roubinet et 
al., 2011; Kunda et al., 2008; Carreno et al., 2008; Kaji et al., 2008) – it is not clear if 
disrupting their role leads to spindle gliding instead of spindle rotation in a cell cycle 
regulated manner.  However, it is clear that proteins that occupy microtubule-ends are 
mitotic-phase dependent (Tamura et al., 2015; Syred et al., 2013).  Our study shows 
that depletion of MARK2
Par1b 
alone, but not LGN, PAR3, MARK3
Par1c
 or MCAK, 
severely disrupts the equatorial centering in pre-anaphase spindles.  In contrast, 
codepletion of LGN and MARK2 disrupts equatorial centering in anaphase spindles 
as well, showing the temporally separable roles of LGN and MARK2. How MARK2 
regulates mitotic microtubule dynamics and restores spindle centering in a cell cycle 
specific manner are important questions for the future.  
 MARK2 loss does not perturb chromosome congression or segregation, 
despite impairing spindle centering and spindle rotation. This suggests that spindle-
centering mechanisms are exquisitely sensitive to microtubule dynamics compared to 
other microtubule driven mitotic events. A wider and important biomedical 
implication of this study is that spindle positioning, and hence cell fate decisions and 
in turn tissue organization (Patel et al., 2016; Chin et al., 2014), might be more readily 





MATERIALS AND METHODS 
 
Cell culture and synchronization 
HeLa cells were cultured in Dulbecco’s Modified Eagle’s Media(Tergaonkar et al., 
1997) supplemented with 10% FCS and antibiotics, Penicillin and Streptomycin, and 
plated onto glass-bottomed dishes (LabTek) or 13mm round coverslips for imaging. 
For inhibition studies, cells were treated with 10 µM MG132 (1748, TOCRIS). Cells 
were synchronised using a single aphidicolin (1µg/ml) block for 24 hours and then 
released for 7 hours prior to filming.  
 
Cell line generation 
HeLa
hMARK2-siRES-YFP 
cell line was generated by transfecting a Tet-inducible 
expression vector encoding hMARK2-siRes-YFP and followed by colony picking. 
Cell line generation procedures were followed according to the FRT/TO system 
protocol (Invitrogen). 
 
Plasmid and siRNA transfections 
HeLa cells were transfected with siRNAs or plasmid vectors as described in(Shrestha 
et al., 2014). siRNA oligos used against MARK2 
(CCUCCAGAAACUAUUCCGCGAAGUA; MARK2-1 and 
UCUUGGAUGCUGAUAUGAACAUCAA; MARK2-2), LGN(Corrigan et al., 
2013), MARK3 (AUAUGUUGCGGUUCGCCGUUCCCGG; MARK3-2 and  
GCGGUAAACUCGACACGUU; MARK3-3) and PAR-3 
(CAACAGCUGGCUUCCUCAAGCAGAA; PAR3-1 and 
GCAAGAGGCUUAAUAUCCGACUUAA; PAR3-2) were purchased from 
Dharmacon.  Sequences of all plasmids are available upon request. 
 
Live-cell time-lapse imaging and analysis 
Cells were transfected with siRNA oligos or plasmid vectors, 48 or 24 h, respectively, 
prior to imaging and transferred to Leibovitz’s L15 medium (Invitrogen) for imaging 
at 37°C. To observe chromosome and spindle movements, images were acquired with 
exposures of 0.1 s from at least 3 Z-planes, 3  every 4 minutes for 5 h using 
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a 40 times NA 0.75 objective on an Applied Precision DeltaVision Core microscope 
equipped with a Cascade2 camera under EM mode. For imaging plus-end dynamics, 
images were acquired with exposures of 0.04 s from at least 10 Z-planes, 0.1 
apart, every 10 seconds for 5 minutes using a 100 times NA 1.2 objective on the 
microscope described above. For imaging DHC-GFP signals, images were acquired 
with exposures of 0.04 s from at least 10 Z- 
10 minutes using a 100 times NA 1.2 objective on the microscope described above. 
Time-lapse movies were analysed manually using Softworx
TM
. Spindles in HeLa
His-
GFP;mCherry-Tub
 cells were visually scored as equatorially off-centered when unequal 
distances were observed between the cell cortex and the two opposing edges of 
metaphase plate (Histone-GFP signal) or the cell cortex and the two walls of the 
spindle at the equator (mCherry-Tubulin signal). In HeLa
DHC-GFP
 cells, the pole-to-
pole axis and spindle walls (DHC-GFP signal) were used to similarly assess spindle 
centering at the equator. 
 
Immunoflourescence and immunoblotting 
For immunofluorescence, antibodies against GFP (1:1000, Roche; 1181446001), 
MARK2 (1:500, Novus Biologicals; H00002011-M01), MARK3 (1:1000, Cell 
Signalling; 9311), PAR3 (1:1000, Millipore Corporation; 07-330), -tubulin (1:500, 
Abcam, Ab6160), EB3 (Abcam), MCAK ((Andrews et al., 2004)) and -tubulin 
(1:1000, Sigma; T4026) were used.  Images of immunostained cells were acquired 
using 100 times NA 1.2 objective on a DeltaVision Core microscope equipped with 
CoolSnap HQ Camera (Photometrics). For immunoblotting, antibodies against -
Tubulin (Sigma; T6793) and others indicated above were used.  Immunoblots were 
developed using fluorescent secondary antibodies (LICOR) and fluorescent 
immunoblots were quantified using the Odyssey (LI-COR) software.  
 
Nocodazole wash-off assay 
Cells were exposed to 1.7 M of Nocodazole (Fisher Scientific) for 3 hours to 
depolymerize microtubules. Nocodazole was removed by washing cells three times 
with warm PBS and cells were allowed to recover for 10 minutes in nocodazole-free 




SD values are SEM values obtained across experiments, cells or kinetochores as 
indicated in legend. p-values representing significance were obtained using Mann-
Whitney U test, Proportion test or Paired sample t-test.  
 
Online Supplementary Material 
Fig. S1 shows MARK2 but not MARK3 is required for equatorial spindle 
centering.  Fig. S2 shows normal chromosome congression and segregation in 
MARK2 depleted cells.  Fig S3 shows MARK2 localisation in interphase and 
mitosis.  Fig S4 shows the rescue of MARK2-depletion induced spindle off-
centering by codepleting MCAK. Supplementary time-lapse Deconvolution 
microscopy movies 1, 2 and 3 show spindle rotation or gliding movements in 
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Equatorial spindle centering is an early mitotic event that is dependent on 
MARK2, but not LGN or PAR3 
(a) Upper row: Cartoons of mitotic spindle in either equatorially (i) or longitudinally 
(ii) off-centered (left) versus centered (right) positions. Spindles were scored as off-
centered when the two distances (d1 and d2; marked by arrows) were unequal by 
greater than 20%. Lower row: Time-lapse images of Control siRNA transfected HeLa
 
His2B-GFP;mCherry-Tub
 cells, acquired once every four minutes, showing normal equatorial 
spindle centering prior to longitudinal centering and oscillation along the pole-pole 
axis. Outline of cell cortex identified using cytoplasmic signal of mCherry-Tubulin is 
marked in yellow; pole-to-pole axis marked with yellow dashed line.  Scale bar: 
15m (b and c) Temporal evolution of spindle centering along equatorial axis (b) and 
corresponding spindle maturation (from bent to straight bipolar spindle) (c) in seven 
representative cells from movies acquired as shown in (a). Boxes corresponding to 
sequential time frames in the movie are coloured either in red to indicate off-centered 
(b), or immature (c) spindles, or in green to indicate centered (b), or mature (c) 
spindles. (d) Experimental regime showing time-line of siRNA treatment followed by 
microscopy and lysate collection for immunoblotting to register protein depletion 
extent. (e) Time-lapse images of HeLa
 His2B-GFP;mCherry-Tub
 cells treated with control or 
LGN siRNA showing normal spindle centering, but no oscillation of the mitotic 
spindle or Par3-2 siRNA showing normal centering of the mitotic spindle or MARK2-
1 siRNA showing equatorially off-centering of the mitotic spindle. Scale bar: 10m. 
OC and C refer to equatorially off-centered and centered spindles, respectively. (f-h) 
Blot showing depletion extent of LGN (f), PAR3 (g) or MARK2 (h) using one or two 
different siRNA oligos. (i-k) Graph of percentage of equatorially centred spindles, at 
8 or 12 min following NEBD, in Control or LGN siRNA treated cells (i), Control or 
PAR3-2 siRNA treated cells (j) and Control or MARK2-1 siRNA treated cells (k) as 
assessed from time-lapse movies of HeLa
His2B-GFP;mCherry-Tub
 cells as shown in (e). Note 
that post-siRNA transfection time-matched control siRNA data are used for graphs 
and immunoblots. Error bars refer to SEM values from three independent 
experiments. P values showing significant (*) or insignificant (#) differences were 
calculated using Proportion test.  
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Figure 2  
MARK2 is required for equatorial spindle centering up to anaphase 
(a) Representative single plane deconvolved images of Z-stack movies of HeLa
His2B-
GFP; mCherry-Tub
 cells treated with MARK2 or Control siRNA oligos as indicated. Only 
cherry-Tubulin signals are shown for clarity. Scale bar: 5 m. Yellow arrows point to 
off-centered spindles. Yellow circles highlight cell cortex. Note that the cell showed 
in MARK2-1 row is shown in Fig 1e. (b) Graph of percentage of mitotic cells with 
equatorially centered spindles at 8 minutes or 12 minutes following nuclear envelope 
breakdown (NEBD). (c) Uncropped immunoblot showing the expression of siRNA 
resistant MARK2-siRes-GFP in cells treated with control or MARK2 siRNA.  
Lysates of HeLa
MARK2-siRes-GFP
 cells treated with siRNA and exposed to Tetracycline 
as indicated were immunoblotted with antibody against hMARK2; anti-gamma-
tubulin antibody was used as loading control. Endogenous MARK2 and Tet-inducible 
siRNA resistant MARK fused with YFP are shown with arrows. (d) Bar graph 
showing the percentage of mitotic HeLa
MARK2-siRes-GFP
 cells with equatorially centered 
spindles. Control or MARK2-1 siRNA treated HeLa
MARK2-siRes-GFP
 cells in the 
presence or absence of Tetracycline (as indicated) were treated with MG132 to arrest 
them at metaphase prior during live-cell imaging. Cell expressing (green; +) or not-
expressing (non-green, -) siRNA resistant form of MARK2-siRes-GFP were imaged 
and chromosome positions were ascertained using DIC, which was used to determine 
equatorially centered or off-centered metaphase plates. (e) Bar graph comparing the 
extent of equatorial centering of spindles at 8 minutes following NEBD versus 
anaphase onset in control or MARK2-1 siRNA treated cells, as assessed from time-
lapse movies as shown in (a). Error bars represent SEM across 3 experimental 
repeats. p-values were obtained using Proportion test on percentage values. * and # 
indicates significant and insignificant difference respectively. 
 
Figure 3  
Off-centered spindles in MARK2-depleted cells fail to rotate properly towards 
the pre-determined spindle position at anaphase 
(a) Representative time-lapse images of HeLa
His2B-GFP;mCherry-Tub
 cells treated with 
siRNA as indicated. Final spindle (pole-to-pole) axis at anaphase onset (blue dashed 
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line) and interphase long-axis (yellow dashed line) are shown.  Biased spindle rotation 
(green bar) and spindle orientation maintenance and oscillation (orange bar) regimes, 
off-centered spindle gliding proximal to the cortex (blue bar) are all indicated. OC 
and C refer to equatorially off-centered and centered spindles respectively. (b) Graph 
showing percentage of cells with centered or off-centered spindles that displayed no 
movements, gliding or oscillatory movements, as assessed from time-lapse movies of 
HeLa
His2B-GFP;mCherry-Tub
 cells treated with control or MARK2-1 siRNA as indicated. 
(c) Distribution of final spindle orientation angles relative to interphase long-axis in 
cells as assessed from time-lapse movies of HeLa
His2B-GFP;mCherry-Tub
 cells treated with 
control or MARK2-1 siRNA as in (a). p-value was obtained using Proportion test on 
percentage values. (d) Table summarizing (i) spindle position (equatorial centering 
success), (ii) spindle movement (oscillatory, rotational or gliding) and (iii) anaphase 
spindle orientation bias along interphase long-axis in MARK2 or control siRNA 
treated cells. 
 
Figure 4  
MARK2 regulates mitotic microtubule growth rate and function 
(a) Single plane deconvolved images of cells immunostained with antibodies against 
anti--tubulin following control or MARK2-1 siRNA treatment. Scale bar: 5 m. 
Gray scale image signals are inverted to highlight astral microtubule length and 
density. (b) Graph comparing the distribution of instantaneous velocities of EB3 
comets in cells expressing EB3-mKate and treated with either MARK2 or control 
siRNA. Values were obtained manually by clicking spots using Softworx
TM
 Software. 
Non-overlapping peak values between control and MARK2 siRNA treated cells 
signify statistically significant differences (*) as confirmed by p<0.01 using the 
Proportion test. Error bars are SEM values across cells from two independent repeats. 
(c) Bar graph shows frequency distribution of spindle polarity (based on number of 
spindle poles: one (mono), two (bi), 3 to 4 or greater than 5). Cells were treated with 
siRNA as indicated, exposed to 1.7 M Nocodazole for 3 hours to depolymerize all 
microtubules, recovered for 10 minutes in Nocodazole-free medium to reassemble 
spindles and immunostained using -tubulin antibody. 100 nM 2ME2 was added in 
the recovery medium of Control siRNA treated cells. Error bars represent SEM from 
3 independent experiments. 
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Figure 5  
Cortical Dynein distributions but not spindle movement rates are perturbed 
following MARK2 depletion.  
(a) Representative images of DHC-GFP signals in HeLa
DHC-GFP
 cells, treated with the 
indicated siRNA, from time-lapse movies acquired once every minute. Cells were 
arrested at metaphase with MG132 treatment immediately prior to imaging. Spindle 
poles are marked with yellow and red asterisks to follow spindle movements. Blue 
and green arrowheads refer to ‘crescent’ or ‘diffuse’ DHC-GFP signals, respectively. 
Scale bar: 3 m (b) Bar graph shows frequency distributions of DHC-GFP 
localisations in cell treated with the indicated siRNA oligos. Data collated over three 
independent experiments. (c) Graph shows frequency distribution of spindle pole 
displacement in HeLa cells treated with MG132 immediately prior to imaging. Values 
are obtained from time-lapse movies obtained in (a). ‘n’ refers to spindle positions 
acquired from at least 15 cells for each RNAi condition from 3 independent 
experiments. Distances are measured from the spindle pole furthest away from the 
cortex in the first frame, with the distance measured each subsequent frame for that 
specific pole. Error bars show SEM values. 
 
Figure 6  
Equatorial spindle off-centering following MARK2 depletion is not due to 
excessive pull by cortical Dynein.  
 (a) Representative time-lapse images of HeLa
His2B-GFP;mCherry-Tub
 cells treated with 
siRNA as indicated. Equatorially centered (C) and off-centered (OC) spindles are 
marked. mCherry Tubulin signal is used to outline cell cortex (yellow circles) and 
pole-to-pole axis is marked using dashed yellow line.  (b) Graph of percentage of 
equatorially centred spindles in cells treated with control or LGN with MARK2-1 
siRNA, assessed from time-lapse movies as in (a). Spindle positions 8 mins after 
NEBD or at Anaphase are reported. (c) Temporal evolution of spindle positions in 
five representative cells, treated with siRNA as indicated, assessed from time-lapse 
movies as in (a). ‘A’ refers to anaphase. Red and green boxes indicate equatorially 
off-centered and centered spindle states, respectively. (d) Bar graph shows frequency 
distributions of DHC-GFP localisations in HeLa
DHC-GFP
 cells treated with the 
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indicated siRNA oligos, as assessed from time-lapse movies acquired once every 
minute. Data collated over three independent experiments. 
 
Figure 7  
Aberrant equatorial centering and Dynein distribution following MARK2 
depletion can be rescued by MCAK depletion 
 (a) Immunoblots show depletion extent of MARK2 and MCAK in lysates of 
HeLa
His2B-GFP;mCherry-Tub
 cells following siRNA treatment with siRNA oligos as 
indicated. -tubulin is used as loading control. (b) Representative time-lapse images 
of HeLa
His2B-GFP;mCherry-Tub
 cells treated with siRNA against MARK2 or MCAK alone 
or both MCAK and MARK2. Equatorially centered (C) and off-centered (OC) 
spindles are marked. mCherry Tubulin signal alone is shown and the signal was used 
to outline the cell cortex (yellow circles).  (c) Graph of percentage of equatorially 
centered spindles, assessed from time-lapse movies as in (b).  (d) Temporal evolution 
of spindle positions in five representative cells, treated with indicated siRNA, 
showing normal re-centering of equatorially off-centered spindles in cells treated with 
siRNA against either MCAK alone or both MCAK and MARK2 but not MARK2 
alone. A refers to anaphase. Red and green boxes indicate equatorially off-centered 
and centered spindles, respectively. (e) Representative live-cell images of HeLa
DHC-
GFP
 cells treated with the indicated siRNA oligos. Yellow arrows mark cortical DHC-
GFP localization. (f) Bar graph shows percentage of HeLa
DHC-GFP
 cells with crescent 
or diffused cortical Dynein localization following treatments with the indicated 
siRNA oligos. Data collated over three independent experiments. (g) Successful 
spindle rotation requires equatorial centering: Cartoon shows two separate pathways 
governing equatorial and longitudinal spindle positions: (i) LGN directly controls 
cortical Dynein recruitment and in turn cortical Dynein mediated pull that powers 
spindle displacement (blue arrows). (ii) In contrast, MARK2/Par1b controls astral 
microtubule length and dynamics and ensures equatorial spindle centering (orange 
arrows). Both equatorial centering mediated by MARK2 and cortical pulling powered 
by Dynein are needed for successful spindle rotation. Equatorial off-centering and 
longitudinal oscillations have an indirect impact on cortical Dynein crescent 





Supplementary Figure 1 
MARK2 but not MARK3 is required for equatorial spindle centering 
 (a) Evolution of spindle positions relative to the geometrical center of the cell in 
seven representative cells from movies acquired as shown in figure 3b. Boxes 
corresponding to sequential time-frames of time-lapse movies are shown either as 
equatorially off centered (red), or centered (green) spindles. MARK2-1 and MARK2-
2 siRNA oligo treated cells are compared against matched controls presented in Fig 2. 
(b) Images of mitotic HeLa
MARK2-siRes-GFP
 cells showing metaphase plate position 
(DIC) and GFP expression following treatment with control or MARK2-1 siRNA. 
Cells expressing (green) or not-expressing (non-green) siRNA resistant form of 
MARK2-siRes-GFP were filmed in the presence of MG132. Position of metaphase 
plate used to infer equatorial spindle centering extent is marked with yellow asterisks. 
(c) Immunoblots showing depletion extent of MARK3 using two siRNA oligos 
against MARK3. Lysates collected following time-lapse imaging were 
immunostained using antibodies against MARK3; antibody against gamma-tubulin 
was used as loading control. (d) Graph of percentage of equatorially centered spindles 
in Control or MARK3 siRNA -treated HeLa
His2B-GFP;mCherry-Tub
 cells, as assessed from 
time-lapse movies.  
 
Supplementary Figure 2 
Chromosome congression and segregation events are normal in cells depleted of 
MARK2 
(a) Graph of percentage of HeLa
His2B-GFP; mCherry-Tub
 cells treated with MARK2 or 
control siRNA oligos which underwent normal segregation of DNA into two sets, 
mitotic arrest (>90 mins), missegregation of DNA as lagging chromatids or 
underwent multipolar segregation. (b-d) Cumulative percentage graph of congression 
time (b), anaphase time (c) and congression to anaphase time (d) in cells treated with 
siRNAs as indicated. Congression time in minutes was measured as the time taken for 
the last chromosome to congress onto the metaphase plate starting from Nuclear 
Envelope Break Down (NEBD). NEBD, inferred from loss of nuclear intactness of 
His2B-GFP signals (in green) and nuclear exclusion of mcherry-Tubulin signals (in 
red), was marked as mitosis onset time = 0 min. Anaphase time in minutes was 
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measured as the time taken for the physical separation of DNA signal into two sets 
starting from NEBD. The difference between Congression and Anaphase times is 
shown in (d). (e-g) Bar graphs show average percentage values of mitotic cells that 
displayed normal mitotic cell rounding (e), spindle centering (f) or spindle orientation 
with the two poles on the same XY plane parallel to substratum (g). Values referring 
8 and 12 minutes after NEBD or 8 and 4 minutes before anaphase onset are shown. n 
values refer to number of cells at least 4 independent repeats. Error bars refer to SEM 
values.  
 
Supplementary Figure 3 
MARK2 localises to centrosomes and cell cortex independent of microtubules in 
both interphase and mitosis 
 (a-d) Representative live-cell images of HeLa cells co-expressing exogenous 
MARK2-YFP and the centrosome localising PACT domain of pericentrin tagged with 
RFP to mark centrosomes. Images show the localisation of MARK2-YFP in 
unperturbed interphase (a) and metaphase (b) or after treatment with Nocodazole in 
interphase (c) and mitosis (d). Insets show magnified areas of centrosomes as 
indicated by white boxes on main images. Images of cells in mitosis are collected 
after a 60-minute treatment with MG132. For Nocodazole treatment, cells were 
exposed to 1.7 μM of Nocodazole for 30 minutes after MG132 treatment (Scale bars 
represent 10 μm in main image and 1 μm in insets). 
 
Supplementary Figure 4 
Co-depletion of MCAK rescues spindle off-centering and astral microtubule 
changes induced by MARK2 depletion  
(a) Experimental regime showing time-line of siRNA treatment followed by ice-cold 
methanol treatment and immunostaining with anti-tubulin antibodies to image cold 
stable astral microtubules. (b) Representative deconvolved images of HeLa cells 
treated with siRNA and immunostained as indicated in (a). Images show longer astral 
microtubules in MARK2-depleted cells compared to Control-depleted cells or 
MARK2 and MCAK co-depleted cells. Scale bar: 10 μm. (c-d) Box plots showing 
cold stable astral microtubule lengths (c) and densities (d) following siRNA 
treatment, as indicated, in immunostained cells as shown in (b). Astral microtubule 
lengths are normalized using nearest distance between spindle pole and cell cortex to 
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exclude variation across off-centered and centered spindles. Horizontal line refers to 
median values, top and bottom of filled boxes refer to 75% and 25% values, 
respectively, and whiskers refer to min and max values.  n values refer to number of 
cells from 3 independent experimental repeats. For density measurements, an area of 
23 m
2
 was demarcated near the spindle pole area using the software Softworx
TM
. (e) 
Representative deconvolved images of HeLa cells treated with siRNA and 
immunostained as indicated in (a) using antibodies against MCAK and EB3 (f) Bar 
graphs showing the average percentage of mitotic cells that display either equatorially 
centered spindles or mitotic cell rounding following siRNA treated as indicated using 
time-lapse movies as shown in Fig. 7b. n values refers to number of cells at least 3 
independent repeats. Error bars refer to SEM values.  
 
Supplementary Movies 1 
Representative time-lapse Deconvolution microscopy movie of HeLa
His2B-GFP; mCherry-
Tub
 cells following Control siRNA treatment as indicated in Fig-2a. Pseudo-coloured 
in grey, green and red are DIC, GFP and mCherry, respectively. Representative movie 
shows normal equatorial centering, spindle rotation and spindle oscillation that are all 
initiated in prometaphase prior to the completion of chromosome congression.  
Frames were collected once every four minutes (frame display rate: 0.5s/frame). 
 
Supplementary Movies 2 
Representative time-lapse Deconvolution microscopy movie of HeLa
His2B-GFP; mCherry-
Tub
 cells following MARK2-1 siRNA treatment as indicated in Fig-2a.  Pseudo-
coloured in grey, green and red are DIC, GFP and mCherry, respectively. 
Representative movie shows equatorial off-centering in early mitosis that is rescued at 
metaphase- anaphase transition.  Frames were collected once every four minutes 
(frame display rate: 0.5s/frame). 
 
Supplementary Movies 3 
Representative time-lapse Deconvolution microscopy movie of a HeLa
His2B-GFP; mCherry-
Tub
 cell treated with MARK2-1 and control siRNA treatment as indicated in Fig-7b.  
Pseudo-coloured in grey, green and red are DIC, GFP and mCherry, respectively. 
This movie is specifically chosen to highlight the gliding behavior of the spindle (and 
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lack of normal spindle rotation) in a MARK2-depleted cell with a prolonged 
prometaphase. Note the rescue of the off-centered spindle phenotype at metaphase-
anaphase transition. Frames were collected once every four minutes (frame display 
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